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Abstract This work demonstrates the possibility of magnetic field topology
investigations using microwave polarimetric observations. We study a solar flare
of GOES M1.7 class that occurred on 11 February, 2014. This flare revealed a
clear signature of spatial inversion of the radio emission polarization sign. We
show that the observed polarization pattern can be explained by nonthermal gy-
rosynchrotron emission from the twisted magnetic structure. Using observations
of the Reuven Ramaty High Energy Solar Spectroscopic Imager, Nobeyama Radio
Observatory, Radio Solar Telescope Network, and Solar Dynamics Observatory,
we have determined the parameters of nonthermal electrons and thermal plasma
and identified the magnetic structure where the flare energy release occurred. To
reconstruct the coronal magnetic field, we use nonlinear force-free field (NLFFF)
and potential magnetic field approaches. Radio emission of nonthermal electrons
is simulated by the GX Simulator code using the extrapolated magnetic field and
the parameters of nonthermal electrons and thermal plasma inferred from the
observations; the model radio maps and spectra are compared with observations.
We have found that the potential magnetic field approach fails to explain the
observed circular polarization pattern; on the other hand, the Stokes V map
is successfully explained by assuming nonthermal electrons to be distributed
along the twisted magnetic structure determined by the NLFFF extrapolation
approach. Thus, we show that the radio polarization maps can be used for diag-
nosing the topology of the flare magnetic structures where nonthermal electrons
are injected.
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1. Introduction
During solar flares, electrons are accelerated to relativistic speeds from back-
ground thermal plasma; these energetic nonthermal electrons produce gyrosyn-
chrotron (GS) radio emission (&1 GHz) and hard X-ray (HXR) emission. In the
standard model of an eruptive two-ribbon flare (Hirayama, 1974; Magara et al.,
1996; Tsuneta, 1997), soft X-ray (SXR) emitting magnetic loops where plasma
is heated by nonthermal electrons are formed due to magnetic reconnection in
the cusp below the erupting plasmoid, causing a coronal mass ejection (CME).
HXR observations made by the Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI: Lin et al., 2002) reveal a lot of loop-like HXR emission sources
(Battaglia, Grigis, and Benz, 2005; Jiang et al., 2006; Guo et al., 2012, e.g.).
Nobeyama Radioheliograph (NoRH: Nakajima et al., 1994) observations also
show us loop structures in the microwave range (e.g. Kupriyanova et al., 2010;
Morgachev, Kuznetsov, and Melnikov, 2014). Loop-like geometry of the X-ray
and microwave emission sources is a usual observational manifestation of the
flare energy release process.
The classical two-dimensional model of magnetic reconnection assumes in-
teraction of the opposite-polarity magnetic flux tubes at a null-point. At the
reconnection site, plasma is heated and thermal electrons are accelerated, form-
ing nonthermal power-law energetic spectrum. However, magnetic reconnection
can occur in a magnetic configuration without null points as well. For example,
twisted magnetized plasma loops can experience internal magnetic reconnection
(De´moulin, Priest, and Lonie, 1996; Gordovskyy and Browning, 2011; Pinto
et al., 2016); in such a case, accelerated particles will be directly accelerated
and injected into the loop volume (Gordovskyy and Browning, 2011, 2012;
Gordovskyy et al., 2013, 2014).
We know that orientation of the magnetic field in the flare region affects
the spatial distribution of brightness and polarization of the radio emission.
In particular, in the case of isotropic or pancake-like anisotropic pitch-angle
distribution of nonthermal electrons, the extraordinary mode of radio waves is
dominant and inversion of the circular polarization sign corresponds to inversion
of the line-of-sight (LOS) component of magnetic field. The simplest topology
of the magnetic field is described by the potential field approach; in the work
of Kuznetsov, Nita, and Fleishman, 2011, synthetic radio maps of potential
magnetic loops have revealed that the polarization sign inversion line (PSIL)
is perpendicular to the loop axis both for the central and limb positions of the
loop. The work of Sharykin and Kuznetsov, 2016 was devoted to modelling of
the gyrosynchrotron radio emission of nonthermal electrons from twisted mag-
netic loops using GX Simulator (Nita et al., 2015); the authors considered an
analytical Titov–Demoulin model (Titov and De´moulin, 1999) of the twisted
magnetic flux-rope. The work has shown that in such magnetic structures the
inversion line of the radio emission polarization sign is inclined relative to the
loop axis; polarization of the radio emission from a twisted loop on the solar
limb demonstrates sign reversal along the loop axis. More complex modelling of
nonthermal GS emission from twisted magnetic configurations was presented in
the work of Gordovskyy, Browning, and Kontar, 2017. To model the emission,
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the authors used the magnetic field structure resulting from numerical magneto-
hydrodynamic (MHD) simulation of the kink-instability of the twisted magnetic
flux-rope; energetic and pitch-angle distributions of accelerated electrons were
obtained from simultaneous test-particle modelling. It has been found that the
flaring twisted coronal loops produce GS emission with a gradient of circular
polarization across the loop; these patterns may be visible only for a short
period of time due to fast magnetic reconfiguration. We should also note that
the limited spatial resolution of the existing radio telescopes does not allow us
to investigate directly the polarization distribution across a flaring loop.
Thus, potentially, one can use the spatially-resolved microwave polarization
patterns to diagnose the topology of the magnetic field where nonthermal elec-
trons propagate. However, it is not clear whether the available microwave ob-
servations allow us to identify the features mentioned in the radio polarization
maps. Currently, the best spatial resolution among the solar-dedicated radio
instruments is achieved by NoRH and is about 5′′ at 34 GHz and 10′′ at 17 GHz;
spatially resolved observations of both Stokes I and V components are made at
17 GHz only. For the small-scale magnetic structures, whose sizes are comparable
with the NoRH beam size, the observed Stokes V maps can differ significantly
from real distributions of circular polarization in the emission source; that is why,
e.g., the expected polarization patterns corresponding to the twisted magnetic
loops at the limb cannot be detected with the NoRH. Sharykin and Kuznetsov,
2016 presented the synthetic radio maps convolved with NoRH-like symmetric
Gaussian beams and showed that it is still possible to detect the polarization
peculiarities of the radio emission sources in the twisted magnetic loops located
on the solar disk far from the limb. Ideally, to test the predictions of the works
of Sharykin and Kuznetsov, 2016 and Gordovskyy, Browning, and Kontar, 2017,
one should select solar flares with the radio emission source larger than the
NoRH beam.
The main scope of this work is studying the GS radio emission of nonthermal
electrons in twisted magnetic loops during solar flares and testing the theoretical
predictions described in the works of Sharykin and Kuznetsov, 2016 and Gor-
dovskyy, Browning, and Kontar, 2017. For this purpose, real radio observations
of a flare are compared with the simulated radio images. The NoRH observations
are used to determine the spatially resolved microwave polarization patterns at
17 GHz, while the Nobeyama Radio Polarimeters (NoRP), Radio Solar Network
Telescope (RSTN), and RHESSI data are used to extract information about
the energetic spectrum of nonthermal electrons. To identify the magnetic loops
where the nonthermal electrons are injected, we use the EUV images from the
Atmospheric Imaging Assembly (AIA: Lemen et al., 2012) onboard the Solar
Dynamics Observatory (SDO) and the images from the X-ray Telescope (XRT:
Golub et al., 2007) onboard the Hinode spacecraft to find the hottest part of
the flare loop system. Information about the magnetic field in the flare region
is extracted from the SDO Helioseismic and Magnetic Imager (HMI: Scherrer
et al., 2012) vector magnetograms; these magnetograms are used for magnetic
field extrapolation. Nonlinear force-free field (NLFFF) and potential magnetic
field approaches are used for the coronal magnetic field reconstruction. All the
obtained data together are used to create models for three-dimensional simula-
tion of the flare GS radio emission with the GX Simulator. The results of the
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simulations obtained using the two extrapolation approaches are then compared
with the radio observations.
2. Observations
2.1. Event Selection
In this section we describe observations of the solar flare selected for analysis.
There were several main criteria of the event selection:
i. Availability of the NoRH and NoRP observations of the nonthermal mi-
crowave emission. The microwave spectrum peak should be observed at the
frequencies below 17 GHz to allow determination of the high-frequency slope,
which reflects the nonthermal electrons spectral index.
ii. Availability of the RHESSI HXR observations above 50 keV with a sufficient
count rate needed for spectroscopy and imaging.
iii. A clear spatial inversion of the polarization sign in the 17 GHz NoRH
microwave images.
iv. The presence of double HXR emission sources in the RHESSI images (they
usually correspond to the footpoints of the magnetic loops where nonthermal
electrons precipitate into chromosphere) to define the flare loop system.
v. Strong photospheric electric currents determined from the HMI vector mag-
netograms (see Section 2.3) near the flare emission sources; such currents
are necessary for the formation of a twisted magnetic configuration.
vi. Flare location in the central part of the solar disk (. 300′′ from the center).
vii. AIA images in the 94 and 335 A˚ (the less sensitive) channels should not be
saturated during the impulsive phase; this is necessary for proper detection
of the flaring loops. Thus we consider moderately powerful solar flares: high
C and low M classes.
We have found several events satisfying the criteria. In this article we consider
one example to develop the analysis technique: SOL2011-02-11 event of GOES
M1.7 class, with the peak (according to GOES data) at 03:31 UT. The flare
occurred in active region NOAA 11974 with the heliographic coordinates S13E07.
2.2. Temporal Evolution
Figure 1 shows the temporal evolution of the selected flare (around the impulsive
phase) at different wavelengths. In particular, Figure 1a shows temporal profiles
of the RHESSI HXR count rates in the 25− 50 and 50− 100 keV energy bands.
HXR peaked at around 03:27:39 UT, and the total duration of the impulsive
phase (according to the 25− 50 keV data) was about 100 seconds.
Figures 1b – d show the NoRP and RSTN radio light curves (NoRP measures
both the emission intensity and circular polarization, while RSTN records the
intensity only). Radio emission peaked at the same time as the HXR; most
likely, it was produced by the same nonthermal electrons. Radio observations
(see also right panel of Figure 6) reveal two distinctive spectral ranges: below
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Figure 1. Light curves of the M1.7 flare on 11 February, 2014 observed at HXR and radio
wavelengths. a) RHESSI count rates (25−50 and 50−100 keV). b) RSTN Stokes I time profiles
(0.245, 0.41, 0.61, 1.415, 2.695, 4.995, 8.8, and 15.4 GHz). c) NoRP Stokes I time profiles (1,
2, 3.75, 9.4, 17, and 35 GHz) and unsigned Stokes V time profile at 1 GHz. d) NoRP Stokes
V time profiles (2, 3.75, and 9.4 GHz).
and above ≈ 1 GHz. Below 1 GHz, the emission was much more intense than
at higher frequencies (the maximum flux was at 610 MHz of about 104 sfu);
the polarization degree in this range was of about 38%. Above 1 GHz, the
maximum radio flux was observed around 9.4 GHz and was about 400 sfu; the
polarization degree was low (less than 10%). We conclude that the radio emission
at low frequencies was likely produced by the plasma emission mechanism (due
to strong radio flux and high polarization degree), while the emission above 1
GHz was generated by the GS mechanism. Therefore, below we analyze and
simulate only the high-frequency part of the observed radio spectrum.
SOLA: ms4a.tex; 16 January 2018; 1:32; p. 5
Sharykin I.N. et al.
-0.02 0.00 0.02
jz, A/m
2
HMI, UT2014.02.11 03:23:54
-290 -280 -270 -260 -250 -240
X, arcsec
0.5 1.0 1 5. 2.0
Bhoriz, Gk
HMI, UT2014.02.11 03:23:54
-290 -280 -270 -260 -250 -240
X, arcsec
Bz, Gk
HMI, UT2014.02.11 03:23:54
-290 -280 -270 -260 -250 -240
X, arcsec
-130
-120
-110
-100
-90
-80
-70
Y
, 
a
rc
s
e
c
0.02.01.00.0-1.0-2.0
RHESSI 25-50 keV
RHESSI 50-100 keV
03:27:16
RHESSI 50-100 keV
RHESSI 25-50 keV
RHESSI 50-100 keV
RHESSI 25-50 keV
Figure 2. Magnetogram of the selected active region. Left panel: the vertical magnetic field
(Bz) map; middle panel: the horizontal magnetic field map; right panel: the vertical electric
current (jz) map. In all panels, the red contour marks the neutral line of the photospheric
magnetic field (z-component). The RHESSI HXR contours in two energy ranges (for the time
interval of 03:27:16 – 03:28:04 UT) are overplotted.
2.3. Source structure
To study the magnetic field structure, we use observations of HMI, which pro-
vides vector magnetograms with 720 second cadence. We have selected the
magnetogram closest to the flare impulsive phase (i.e. at 03:23:54 UT) and re-
calculated all of the magnetic field B. components from the local helioprojective
Cartesian system to the Heliocentric Spherical coordinate system. The resulting
vertical and horizontal components of the magnetic field at the photosphere
level are shown in the left and middle panels of Figure 2, respectively. The
vertical component of electric current is calculated as jz = [∇ × B]z and is
shown in the right panel of Figure 2. The neutral line (NL) of the photospheric
magnetic field (the Bz component) is marked by red color. The HMI vector
magnetogram reprojected onto Heliocentric Spherical coordinate system is used
also for magnetic field extrapolation as boundary conditions (see Section 4).
In the same Figure, the RHESSI HXR contours in two energy ranges (25 −
50 and 50 − 100 keV) are plotted. The HXR contours correspond to the time
interval of 03:27:16– 03:28:04 UT, i.e. around the flare peak; the HXR images
were reconstructed using the CLEAN algorithm. The HXR maps reveal two
strong sources corresponding to the footpoints of the flare loop located on both
sides of the NL; the northern HXR source is more intense than the southern one.
The double HXR emission sources are located in the vicinity of strong electric
currents (up to 0.1 A m−2), which indicates twisted magnetic flux tubes in the
region where electrons are accelerated. The strongest horizontal photospheric
magnetic field (≈ 2 kG) is detected near the NL between the HXR sources.
Figure 3 shows the NoRH microwave images of the flare at six different times;
the bottom right panel corresponds to the microwave emission maximum at
03:27:25 UT. We remind that NoRH produces microwave maps of the Sun at
the frequencies of 17 GHz (Stokes I and V ) and 34 GHz (Stokes I only) with
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Figure 3. NoRH microwave images of the 11 February, 2014 flare at different times. Colored
background: 17 GHz Stokes I map; blue contours: 34 GHz Stokes I map. White and grey
contours show negative and positive Stokes V at 17 GHz. The polarization sign inversion line
of the Stokes V map at 17 GHz is shown by thick white line. The yellow contours show the
NoRH beam shape (at half maximum level) at 17 (large ellipse) and 34 (small ellipse) GHz.
spatial resolution of up to 10′′ and 5′′, respectively; the images were synthesized
using the CLEAN algorithm.
It follows from the images that in the beginning of the impulsive phase, the
polarization inversion was not very pronounced (first two panels in Figure 3)
and the integral Stokes V component was mostly negative. Radio maps at 34
GHz reveal a double emission source corresponding to the flare loop footpoints.
Beginning from 03:27:00 UT, a clear PSIL separates two flare regions of the
opposite polarizations (the negative Stokes V component is still dominating)
and only single 34 GHz emission source is detected, possibly corresponding to
the flare loop top.
In Figure 4, we present the AIA images taken at 03:27:39 UT, i.e. near the
flare peak. The EUV channels of 94 and 335 A˚ (top and middle rows of Figure
4, respectively) were chosen because they experience the least saturation due to
having the lowest sensitivities; these channels correspond to the emission of hot
plasma with an average temperature of several MK. The UV channel of 1600 A˚
(the bottom row) represents the continuum and C iv line emission produced in
chromospheric regions. The AIA images in Figure 4 are in logarithmic scale and
thresholded to enhance contrast. In the same Figure, we overplot the RHESSI
hard X-ray contours (in the energy ranges of 6− 12, 25− 50, and 50− 100 keV
and in the same time interval as in Figure 2), the NoRH microwave contours
(at the flare peak). RHESSI soft X-ray contours in the energy range of 6-12 keV
and the Hinode XRT X-ray contours (near the flare peak) are shown in the left
panel of Figure 5.
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Figure 4. Images of the 11 February, 2014 flare at different wavelengths. Background greyscale
images: AIA 94 A˚ (top row), 335 A˚ (middle row), and 1600 A˚ (bottom row); the neutral line
is marked by red color. Cyan and green contours in the first three columns: RHESSI HXR
maps at 25 − 50 and 50− 100 keV, respectively (at 50, 70 and 90% levels). NoRH microwave
maps are shown by blue contours for 17 GHz Stokes I in the first column, blue contours for
34 GHz Stokes I in the second column, and blue and violet contours (for V > 0 and V < 0,
respectively) for 17 GHz Stokes V in the third column, with the polarization sign inversion
line marked by the thick black line.
In the AIA images one can see the loop system where the flare energy release
occurred; this loop system is outlined schematically by the blue dashed contour
in the middle panel of Figure 5. The HXR emission sources coincide with the
brightest pixels of the three AIA images considered. One can see that the loops
connect flare ribbons that consist of small bright kernels with size as small as
2 × 1016 cm2. The total area of the saturated UV 1600 A˚ source (blue 90%
contour in the right panel of Figure 5) is of about 3 × 1017 cm2; below (in
Section 3) we use this value as an estimation of the total cross-sectional area of
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Figure 5. Images of the 11 February, 2014 flare at different wavelengths. Background greyscale
images: AIA 94 A˚ (left), 335 A˚ (middle), and 1600 A˚ (right); the neutral line is marked by
red color. Cyan contours in the left panel: RHESSI SXR map at 6− 12 keV (at 10, 30, 50, 70,
and 90% levels). Orange contour in the left panel: Hinode XRT X-ray map (at 90% level).
Dashed blue closed curve in the middle panel marks the flare loops system. Blue contours in
the bottom right panel are drawn at the 10, 30, and 90% levels of the AIA 1600 A˚ emission.
the precipitating nonthermal electron beams. At the same time, the total area of
the flare ribbons (10% contour) is of about 2×1018 cm2. The hottest loop in the
arcade is detected by the XRT, which is sensitive to hot plasma at temperatures
in the range of 1 − 10 MK; this hottest loop is marked by the yellow contour
in the left panel of Figure 5. The single RHESSI SXR source (6 − 12 keV) also
corresponds to the top of the X-ray loop-like bright structure observed by XRT.
The NoRH microwave sources correspond to the top of the flare loop system.
One can also see that the weak HXR 25− 50 keV emission source coincides well
with the 34 GHz microwave source. Strong emission at the loop top indicates
accumulation of nonthermal electrons there (possibly connected with trapping).
Summarizing the observations, the imaging data presented in this section
have allowed us to identify the flare loop system where the flare energy release
occurred. We use these results for modelling of the flare magnetic structure with
GX Simulator (see Section 4). The RHESSI, NoRP, and RSTN data are used to
determine the spectral parameters of accelerated electrons (see Section 3).
3. X-ray and Radio Spectra
Figure 6 shows an example of RHESSI X-ray and composite NoRP and RSTN
radio spectra of the flare considered; the spectra were recorded near the flare
peak. Analysis of the spectra allows us to estimate various parameters of the ther-
mal and nonthermal electrons. In particular, the X-ray spectrum (left panel of
Figure 6) was fitted with a superposition of a single-temperature bremsstrahlung
radiation function and a double power-law to account for the thermal and non-
thermal components, respectively. The break energy [Elow] and the low-energy
spectral index (at E < Elow) of the nonthermal component were fixed to be
20 keV and 1.5, respectively, to improve the numerical stability and reduce
the fitting errors; the value of Elow = 20 keV was chosen because it corre-
sponds to the visible intersection of the thermal and nonthermal parts of the
SOLA: ms4a.tex; 16 January 2018; 1:32; p. 9
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Figure 6. RHESSI X-ray (left) and NoRP and RSTN radio (right) spectrum around the flare
peak. In the left panel, the thermal and nonthermal (double power-law) components of the
model fitting function are shown by the red and blue lines, respectively. In the right panel, the
grey line connects the NoRP points at 17 and 35 GHz.
X-ray spectrum. As a result, we obtained the temperature [T ] and emission
measure [EM ] of the thermal plasma, as well as the normalization factor [A]
(i.e. the spectral flux density at E = Elow) and the high-energy spectral index
γ (at E > Elow) of the nonthermal X-ray component. The latter parameters
allow us to estimate the total nonthermal X-ray photon flux above Elow as
Iph(E > Elow) = AElow/(γ − 1).
The right panel of Figure 6 shows the radio spectrum around the flare peak
combined from the NoRP and RSTN data. In particular, the grey line connecting
two NoRP data points at 17 and 35 GHz approximates the slope of the high-
frequency (optically thin) spectrum part; the corresponding spectral index is
calculated as α = − log(I17/I35)/ log(17/35), where I17 and I35 are radio fluxes
at the corresponding frequencies.
The temporal evolution of the emission spectral parameters is shown in Figure
7. The total HXR nonthermal photon flux above 20 keV and the radio flux at
35 GHz are shown in the top panel. In particular, the HXR spectrum varied
according to the soft-hard-soft scenario (bottom panel); the hardest spectrum
(with the spectral index of γ ≈ 2.44) was observed at the HXR intensity peak. In
contrast, the microwave spectral index near the flare peak and after it exhibited
gradual hardening, which probably reflects the particle trapping process. Below,
we consider the time interval around the flare peak to determine the model
parameters for the GX Simulator.
In the thick-target approach, the X-ray photon spectrum is related to the
nonthermal electron spectrum as Syrovatskii and Shmeleva, 1972 and Brown,
1971:
F (E > Elow) = 1.02× 10
34 (γ − 1)
2
β(γ − 1, 1/2)
Iph(E > Elow)
Elow
, (1)
where F (E > Elow) [electrons s
−1] is the total nonthermal electon flux above
Elow, Iph(E > Elow) [photons s
−1 cm−2] is the total photon flux above Elow,
β(x, y) is the beta function, and Elow is in keV; the spectral index of accelerated
SOLA: ms4a.tex; 16 January 2018; 1:32; p. 10
Radio Emission From a Twisted Magnetic Loop
0
10
20
30
40
50
2
3
4
5
6
7
03:26:40 03:27:00 03:27:20 03:27:40 03:28:00
Start Time (11-Feb-14 03:26:28 )UT
p
h
o
to
n
s
p
e
c
tr
a
l 
in
d
e
x
γ
0
1
2
3
4
N
o
R
P
s
p
e
c
tr
a
l 
in
d
e
x
α
0
20
40
60
80
100
N
o
R
P
I 
(3
5
 G
H
z)
, 
sf
u
Results of RHESSI (det. 1,3-5,8,9) and NoRP spectral ttingfi
a
b
I(
>
2
0
 k
e
V
),
 p
h
o
to
n
 s
c
m
-1
-2
Figure 7. Spectral parameters of the X-ray and microwave emissions during the flare impul-
sive phase. a) Integrated photon flux above 20 keV and microwave flux at 35 GHz (red). b)
Spectral indices of HXR (black) and microwave (red) spectra. Vertical line marks the HXR
maximum.
electrons in the HXR source region is related to the emission spectral index as
δHXR = γ + 1. In turn, the electron flux is related to the electron concentration
n0 (for a power-law spectrum, in the nonrelativistic approximation) as:
n0(E > Elow) =
F (E > Elow)
S
√
me
2Elow
δHXR − 3/2
δHXR − 1
, (2)
where me is the electron mass and S is the precipitation area of the nonthermal
electrons (all parameters in this formula are in CGS units). Using the HXR
spectral fitting results near the flare peak, we estimate the total electron flux
above 20 keV as F (E > Elow) ≃ (2.6 ± 0.2) × 10
34 electrons s−1. To estimate
the area S, we use the AIA 1600 A˚ images (see Section 2.3); at the impulsive
phase of the flare, the total area of saturated bright UV emission sources was of
about S ≃ 3×1017 cm−2. Therefore we estimate the concentration of nonthermal
electrons (above 20 keV) near the flare peak as n0(E > Elow) ≈ 10
7 cm−3.
We note that, according to Dulk, 1985, the spectral index of the optically thin
gyrosynchrotron microwave emission [α] is related to the spectral index of the
microwave-emitting nonthermal electrons [δMW] as α = (δMW − 1.22)/0.9. For
α = 1.7 (i.e. near the flare peak time), this implies δMW = 2.75, which is harder
than δHXR = 3.44 deduced from the HXR spectral analysis. In the simulations
below, we adopt the electron spectral index determined from the microwave
observations (i.e. δ = δMW), because it reflects directly the characteristics of
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nonthermal electrons inside the coronal flaring loops. On the other hand, for the
concentration of nonthermal electrons we use the estimations based on the HXR
observations, as the best approach available. The estimated parameters of the
spectrum of nonthermal electrons are imported to GX Simulator to model the
radio emission Stokes I and V maps at the frequencies of 17 and 34 GHz.
4. Modelling of Radio Emission
4.1. Selection of the Magnetic Loops
3D modelling of the microwave radio emission is made using the GX Simulator
package (Nita et al., 2015). This IDL-based program is an interactive tool allow-
ing one to select “active” magnetic structures in the solar corona; then, using
analytical expressions, one defines thermal and nonthermal particle distribu-
tions along and across the selected magnetic structures. The Stokes I and V
microwave maps are calculated using the Fast Gyrosynchrotron Codes (Fleishman
and Kuznetsov, 2010) where the authors used some analytical approaches and
numerical methods to calculate the microwave emission with high speed and
good accuracy for different energy and pitch-angle distributions of nonthermal
particles. In our modelling, the main task is to explain the emission at 17 and
34 GHz as we have imaging data for these frequencies. However, we will discuss
the emission at lower frequencies as well.
As described above (Section 2.3), from the multiwavelength observations
we have identified the magnetic structure where the flare energy release took
place. To reconstruct the 3D distribution of the coronal magnetic field, we use
nonlinear force-free (NLFFF) magnetic field extrapolation (Wheatland, Stur-
rock, and Roumeliotis, 2000) with the SDO HMI vector magnetogram used as
boundary condition. The extrapolation is made using the optimization algorithm
(implemented by Rudenko and Myshyakov, 2009), which transforms the initial
potential state of the magnetic field to the force-free one, according to the
photosphere vector magnetogram provided. The extrapolation results are shown
in Figure 8, where the field lines of the selected magnetic loop are plotted.
The magnetic field lines were chosen to reproduce the observed locations of the
HXR footpoints and coronal microwave source. The noticeably twisted magnetic
structure is elongated along the NL and reproduces nicely the shape of the
observed EUV flare structure. The magnetic field strengths in the northern and
southern footpoints are of about 2300 and 1200, respectively. The minimum
value of the magnetic field strength within the loop is of about 600 G.
To analyze the effect of the magnetic structure, we have also tried to interpret
the observations using the potential magnetic field approach, which assumes no
electric currents in the considered volume. The resulting magnetic field lines are
shown in Figure 9; the magnetic field strength in the footpoints is about 1300
G, while the minimum value of the field strength (at the loop top) is about 160
G. One can see that potential magnetic field cannot explain the observed shape
of the flare magnetic structure. Nevertheless, below we compare the results of
radio emission modelling for these two magnetic field extrapolations with the
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Figure 8. The magnetic loop selected to model the microwave emission; the magnetic field
was reconstructed using the NLFFF approach. The actual orientation of the magnetic loop
(as seen from the Earth) is shown in the top left panel. Top and side views of the magnetic
loop with the model distribution of nonthermal electrons inside it (shown by blue color) are
presented in top right and bottom right panels, respectively. Bottom left panel: distribution
of the magnetic field along the loop axis.
NoRH observations and demonstrate that the NLFFF approach reproduces the
polarization pattern much better.
4.2. Source Parameters
Nonthermal electrons are non-uniformly distributed inside the magnetic struc-
ture. We consider a Gaussian shape of the distributions of the nonthermal
electrons along and across the magnetic structure. The distributions are de-
termined by the expressions n(r, l) = n0 exp [−(0.75r/R)
2] exp [−(2.5l/L)2] for
the NLFFF model and n(r, l) = n0 exp [−(0.75r/R)
2] exp [−(4l/L)2] for the po-
tential magnetic field model, respectively; here R is the loop radius, r is the
coordinate across the loop, L is the loop length, and l is the coordinate along
the loop. The peak number density is chosen to be n0 = 10
7 cm−3 at the
loop top. These shapes were chosen to reproduce the loop-top position of the
observed radio source and obtain a sufficient radio flux to fit the observed radio
spectrum. The energy spectrum of nonthermal electrons is described by power-
law function with spectral index δ = 2.75, the low-energy cutoff Elow = 20 keV,
and the high-energy cutoff Ehigh = 10 MeV; we consider an isotropic pitch-
angle distribution of the nonthermal electrons. The background thermal plasma
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Figure 9. The magnetic loop selected to model the microwave emission; the magnetic field
was reconstructed using the potential field approach. The actual orientation of the magnetic
loop (as seen from the Earth) is shown in the top left panel. Top and side views of the magnetic
loop with the model distribution of nonthermal electrons inside it (shown by blue color) are
presented in top right and bottom right panels, respectively. Bottom left panel: distribution
of the magnetic field along the loop axis.
is uniformly distributed in the loop and has the number density of nth = 5×10
10
cm−3 and temperature of T = 23.2 MK.
We consider two regimes of microwave polarization transfer, referred to as
the “strong” and “exact” mode coupling approaches. In the strong coupling
approach, the emission polarization sign is determined by the magnetic field
direction in the emission source (i.e. neglecting any propagation effects), while
in the exact coupling approach, possible polarization changes during propagation
(in the quasi-transverse magnetic field regions) are taken into account (Cohen,
1960; Zheleznyakov and Zlotnik, 1964); these approaches are implemented in the
GX Simulator. The emission intensity remains nearly the same in both cases.
4.3. Simulation Results
The simulated radio images are presented in Figures 10–11 for the NLFFF and
potential magnetic field extrapolations, respectively; we demonstrate both the
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Figure 10. Simulated microwave images for the model based on the NLFFF magnetic field
extrapolation (see Figure 8). The Stokes I maps at 17 and 34 GHz are shown by color
background and white contours, respectively; the Stokes V maps at 17 GHz are shown by
cyan and blue contours for V < 0 and V > 0, respectively. The PSIL is marked by thick white
line. Left panels: original (high-resolution) simulated radio maps; right panels: the simulated
radio maps convolved with the NoRH beam. Top panels: exact mode coupling; bottom panels:
strong mode coupling.
original (high-resolution) simulated radio maps and those maps convolved with
the NoRH response function. The total (spatially integrated) emission spectra
are shown in Figure 12.
For the radio emission modelling based on the NLFFF magnetic field extrap-
olation, one can see that the observed intensity spectrum (top right panel of
Figure 12) is nicely fitted by the simulated spectrum at the frequencies of 17
and 34 GHz. The observed radio emission at low frequencies (< 10 GHz) is
characterized by higher fluxes compared with the simulated ones; the simulated
peak frequency is slightly higher than that determined from observations. The
model Stokes V spectrum (bottom right panel of Figure 12) is close to the
observational data points in the case of exact mode coupling, while the strong
mode coupling model provides slightly worse agreement with the observations.
Also, we can see that the observed radio maps presented in the previous sections
are nicely explained by the simulated ones (Figure 10). The most important
factor is that the simulated PSIL has an orientation very similar to the observed
one. In the case of the exact mode coupling, the ratio of the maxima of negative
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Figure 11. Simulated microwave images for the model based on the potential field extrapo-
lation (see Figure 9). The Stokes I maps at 17 and 34 GHz are shown by color background
and white contours, respectively; the Stokes V maps at 17 GHz are shown by cyan and blue
contours for V < 0 and V > 0, respectively. The PSIL is marked by thick white line. Left
panels: original (high-resolution) simulated radio maps; right panels: the simulated radio maps
convolved with the NoRH beam. Top panels: exact mode coupling; bottom panels: strong mode
coupling.
and positive Stokes V sources is very close to the observed one, while the strong
mode coupling regime does not fit the observations.
Figure 11 and left panel of Figure 12 present results of radio emission mod-
elling based on the potential magnetic field extrapolation. The simulated inten-
sity spectrum (top left panel of Figure 12) fits the observed data points very well;
on the other hand, the polarization spectrum (bottom left panel of Figure 12) is
reproduced less accurately with both the strong and exact mode coupling models.
The simulated radio maps (Figure 11) reveal significant differences between the
observed and simulated polarization distributions: for the strong mode coupling
regime, the simulated PSIL has the inclination opposite to that in the observed
NoRH Stokes V map, while in the case of exact mode coupling the simulated
polarization is mostly negative, which also contradicts the observations.
Thus, we have shown that the potential magnetic field configuration cannot
explain the observed polarization of radio emission at 17 GHz. However, the
total intensity spectrum is explained by this approach very well. This may be
connected with the fact that potential magnetic field has a tendency to decrease
rapidly with height. As a result, nonthermal electrons within potential magnetic
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Figure 12. The observed (squares) and simulated (solid lines) microwave spectra. Left panels:
the model based on the potential magnetic field extrapolation; right panel: the model based
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respectively.
structures occupy a large volume with weak magnetic field and hence the gy-
rosynchrotron emission at lower frequencies is more pronounced compared with
the emission from the footpoints with stronger magnetic field; the peak frequency
is shifted towards lower frequencies. Another factor contributing to the higher
intensity at lower frequencies in the potential magnetic configurations is a larger
area of the loop-top region. In contrast, the NLFFF magnetic field structure is
characterised by smaller volume and stronger magnetic field; that is why the sim-
ulated spectrum fails to explain the low-frequency spectral part of the observed
one. We therefore suggest that a perfect agreement between the simulations and
the observations might be achieved by introducing a hybrid model consisting of
a compact twisted magnetic structure surrounded by a quasipotential shell with
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lower magnetic field; however, we do not analyze such a model in details as there
were no imaging data at lower frequencies to compare with simulations.
5. Conclusions
We analyzed the solar flare on 11 February, 2014. We found that the radio emis-
sion source with polarization inversion was located inside the twisted magnetic
structure. Three dimensional modelling of the flare radio emission using GX
Simulator showed that the observed polarization map can be explained only by
assuming nonthermal electrons propagating in a twisted magnetic structure that
can be reconstructed using the NLFFF magnetic field extrapolation technique;
radio simulations based on the potential magnetic field cannot explain the ob-
served polarization pattern. Thus, we demonstrated that polarization radio maps
can be used for diagnosing the topology of the coronal magnetic structures filled
with nonthermal electrons. However, interpretation of polarization maps is still
limited by insufficient spatial resolution of the existing instruments (such as the
Nobeyama Radioheliograph). New polarimetric observations with higher spatial
resolution are needed; very perspective instruments for the proposed studies are
the Siberian Radioheliograph (SRH, resolution 5′′ at 24 GHz), expanded Owens
Valley Solar Array (eOVSA, resolution 3′′ at 17 GHz) and Mingantu Ultrawide
Spectral Radioheliograph (MUSER, resolution 1.4′′ at 15 GHz).
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